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Abstract
 .The chicken melanocortin 2-receptor MC2-R gene was isolated. It is found to be a single copy gene encoding a 357
amino acid protein, sharing 65.8–68.7% identity with mammalian counterparts. The chicken MC2-R mRNA is expressed in
the adrenal and spleen, suggesting that the receptor mediates both endocrine and immunoregulatory functions of ACTH in
the chicken. The amino acid sequence of the chicken MC2-R is collinear with those of other subtypes of MC-R, whereas all
cloned mammalian MC2-Rs contain a gap in the third intracellular loop, suggesting that mammalian MC2-R molecules have
evolved by lacking a part of the domain which determines the specificity of signal transduction in G-protein coupled
receptors. Interestingly, the codon usage differs dramatically between MC1-R and MC2-R in the chicken; the GC-contents
at the third codon position in MC1-R and MC2-R are 94.6 and 50.6%, respectively. It may reflect selective constraints on
the usage of synonymous codons. q 1998 Elsevier Science B.V. All rights reserved.
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 .Adrenocorticotropic hormone ACTH is a pre-
dominant regulator of steroidogenesis in the adrenal
w xcortex 1 . ACTH is generated mainly in the anterior
lobe of the pituitary and in the arcuate nucleus of the
hypothalamus, but to a lower level also in a wide
w xvariety of peripheral tissues 2 . Mammalian ACTH is
now widely recognized to have a number of biologi-
cal functions mediated by multiple melanocortin re-
 .ceptors MC-Rs . Five subtypes of MC-R have been
identified, and they are distributed in various tissues
w xin human and mammals 3–11 . Physiological role of
avian ACTH, however, is poorly understood. To
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investigate the site of action and physiological role of
ACTH in birds, the present study was designed to
isolate and characterize ACTH receptor genes in the
domestic chicken. We report here for the first time
the primary structure of an avian MC2-R gene, which
has been identified only in mammals.
DNA fragments encoding a part of the mouse
MC2-R, an ACTH-specific MC-R subtype mainly
w xexpressed in the adrenal cortex in mammals 3 , were
 .obtained by polymerase chain reaction PCR using
genomic DNA of ICR mouse as a template. The PCR
primers designed from the previous report on the
w xmouse MC2-R sequence 12 were AACTCC-
GATTGTCCTGATGTAG and CTTTTGAATG-
CATCTCTCTGAGCTC. The PCR-derived clone,
designated as pcrm MC2-R, was 815 bp in length and
contained a part of coding sequence identical to that
w xof the reported MC2-R 12 .
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Using pcrm MC2-R as a probe, we performed
Southern blotting to detect MC-R family in the
genome from the domestic chicken Rock Cornish. At
low stringency, pcrm MC2-R detected a single species
 .of DNA digested with EcoRI Fig. 1 . This result
indicated that the band represents the chicken MC2-R
gene and that there are no other members of MC-R
family displaying high similarity with the mouse
MC2-R.
We screened a genomic DNA library derived from
the liver of domestic chicken White Leghone, using
pcrm MC2-R as a probe. One of the positive clones
 .contained the corresponding fragment 3.0 kb as
observed in the genomic Southern blotting. Sequence
analysis of the DNA fragment revealed that it is 3021
bp in length and contains an open reading frame of
 .1074 bp Fig. 2 . This sequence is available from
DDBJ, EMBL, and GenBank Data Libraries under
the accession number AB009605.
Fig. 1. Detection of melanocortin receptor genes in the chick
 .genome by Southern blotting. Genomic DNA 10 mg prepared
 .from 10 day-chick embryos Rock Cornish was digested with
 .  .either EcoRI lane 1 or BamHI lane 2 and the resulting
products were subjected to a Southern blot analysis using pcrm
MC2-R as a probe. Radiolabeled probe was prepared using a
 . w 32 xRandom Primer DNA labeling Kit ver. 2 Takara and a- P -
 .dCTP Amersham . The sizes of the DNA fragments were deter-
mined by comparison with HindIII-digested l DNA fragments.
The location of the l DNA fragments are shown at left.
The predicted protein, designated as CMC2, con-
sists of 357 amino acid residues and shows seven
hydrophobic domains, a characteristic of G-protein-
w xcoupled receptors 14 . There are two potential sites
for N-linked glycosylation in the N-terminal extracel-
lular domain and eleven potential sites for phosphory-
lation by the cAMP-dependent protein kinase andror
w xprotein kinase C 15 in intracellular domains. In
addition, a conserved cysteine residue at the C-
terminus is recognized. A homology search on an
EMBL protein database reveals the highest similarity
of CMC2 to mammalian MC2-Rs; CMC2 shared
68.7, 67.8 and 65.8% identity with human, mouse
and bovine MC2-R, respectively, whereas other
members exhibited 52.1% identity at most. There-
fore, we conclude that CMC2 is a chicken counter-
part of mammalian MC2-R.
In the 5X-untranslated flanking region, typical char-
acteristic sequences of promoter regions such as
TATA-box and CCAAT-box are recognized. Note-
worthy, there are two glucocorticoid response ele-
ments and a potential binding site for steroidogenic
 .factor-1 SF-1 . SF-1 is an orphan nuclear receptor
expressed in all primary steroidogenic tissues and
acts as a crucial transcription factor responsible for
the coordinate expression of steroidogenic enzymes
w xin those tissues 16–20 . It has been reported that
promoter regions of both human and mouse MC2-R
w xgenes contain the SF-1 binding site 21,22 , and SF-1
has shown to be responsible for adrenalcortical cell-
w xspecific expression of the MC2-R gene in mice 22 .
Although the transcription initiation sites remains
unclear at present, it is possible that the expression of
CMC2 is regulated by SF-1. The presence of gluco-
corticoid responsive elements is also important, be-
cause glucocorticoids have been shown to induce a
significant increase of MC2-R expression in ovine
w x Xadrenocortical cells 23 . In the 3 downstream from
 .the coding region, two potential poly A signals are
recognized.
The tissue distribution of CMC2 expression in
adult chicken is shown in Fig. 3. As expected, CMC2
mRNA was detected in the adrenal, which may be a
supporting evidence for CMC2 being a counterpart of
mammalian MC2-R. The CMC2 mRNA was detected
also in the spleen. In the rat, it has been reported that
splenic macrophages constitutively express im-
 .munoreactive ACTH ir-ACTH , and that splenic
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Fig. 2. Nucleotide and predicted amino acid sequence of the chick melanocortin 2-receptor. In the 5X non-coding region, TATA boxes and
a CCAAT box are underlined. Glucocorticoid responsive elements, TGTTCT, and a DNA element similar to SF-1 binding site,
TACAGGTCA, are boxed. In the 3X non-coding region, potential polyadenylation signals are underlined. Transmembrane segments
w xindicated by overlines are determined by hydropathy analysis 13 . Possible sites for N-glycosylation, phosphorylation and palmytoylation
are indicated by circles, squares and underlines, respectively.
lymphocytes such as B, T-helper, and T-cytotoxic
cells express ir- and biologically active ACTH in
 .response to corticotropin-releasing factor CRF or
ww x ximmunological stimuli 24 and references therein . It
has also been demonstrated that ACTH binds to the
splenic lymphocytes to modulate immune functions
and the binding activity of those cells are up-regu-
w xlated by ACTH 25 . Furthermore, CRF-positive nerve
w xfibers have been identified in the spleen 26 . These
observations imply the possibility that ACTH acts in
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Fig. 3. RT-PCR analysis of CMC2 expression in various tissues
of adult chicken. Five mg of each total RNA prepared from
various tissues were subjected to RT-reaction using a SuperScript
 .II reverse transcriptase GibcoBRL according to the manufac-
turer’s directions. One tenth of each reaction was used in PCRs
 .using a AmpliTaq Gold DNA polymerase Perkin Elmer and
 .specific primers for CMC2 A or glyceraldehyde-3-phosphate
 .  .dehydrogenase GAPDH B . The primers for CMC2 were
TTTTTCACTGTT GCTGCTGCTGGC and TTCTCTGATG-
GACTGCACTGGTTGTGAGCTC, and those for GAPDH were
GTGTTATCATCTCAGCTCCCTCAG and AAAGGTGGAA-
GAATGG CTGTCACC. To rule out the possibility that PCR-
products are the result from the amplification of genomic DNA
contaminated in the RNA samples, 1 mg of total RNA was also
subjected to PCR using the primers for CMC2 denoted as RT y
 ..in A . A 100 bp ladder was used as a molecular marker.
a autocrine or paracrine fashion in the spleen as a
mediator of crosstalk between the nervous, endocrine
and immune systems in the rat. Since the chicken
splenic lymphocytes secrete ACTH in response to
w xCRF 27 , it seems likely that CMC2 mediates those
functions of ACTH in the chicken, although the
physiological role of ACTH in the spleen has yet
been clarified in the chicken.
The alignment of CMC2 with the members of
MC-R family is shown in Fig. 4. CMC2 shows
structural characteristics specific for the members of
the MC-R family with the exception that the amino
acid motif DP-Y in the seventh transmembrane do-
main strongly conserved in all cloned MC-Rs is
replaced by DP-F in CMC2. Interestingly, the amino
acid sequence of CMC2 is collinear with other sub-
types of MC-R, whereas mammalian MC2-Rs contain
a gap in the third intracellular loop, suggesting that
mammalian MC2-Rs have evolved in part by lacking
a short segment of the third intracellular loop. The
third intracellular loop of G-protein coupled recep-
tors, in general, plays an important role in intra-
cellular signaling mechanisms by interacting with G
w xproteins 14 . Furthermore, it has been shown that the
human MC3-R is coupled with both cAMP- and
inositol phosphaterCa2q-mediated signaling path-
ways and its third intracellular loop participates in the
w xinteraction between those two pathways 29 . There-
fore, it is interesting to compare intracellular signal-
ing mechanisms between CMC2 and mammalian
MC2-Rs.
Although the members of the MC-R family are
believed to have evolved by repeated duplication and
divergence, the codon-choice patterns are dramati-
cally different between CMC2 and CMC1, the chicken
w x  .MC1-R we have cloned previously 30 Fig. 5 ; in
most of synonymous codon groups, there is an ex-
treme preferential choice of the GrC-ending codons
 .the third position of codon is GrC in CMC1,
whereas no obvious bias in codon usage with regard
to GrC at the codon third position is observed in
CMC2. The GC-contents at the third codon position
in CMC1 and CMC2 genes were 94.6 and 50.6%,
respectively, where the average of 1281 chicken genes
w xwas 59.9% 31 . Similar differences were detected,
albeit to a lesser extent, between MC1-R and MC2-R
genes in mammals; the GC-contents at the third
codon position in human, mouse, and bovine MC1-Rs
were 90.2, 78.7, and 87.7%, respectively, where those
in MC2-Rs were 74.4, 62.5, and 68.0%, respectively.
The GC-contents of the coding region and the neigh-
boring 5X and 3X flanking sequences of CMC1 were
 .  .  .61.4 945 bp , 65.2 1670 bp and 69.3% 645 bp ,
respectively. On the other hand, those of CMC2 were
 .  .  .43.0 1074 bp , 34.6 1181 bp and 32.0% 766 bp ,
respectively. These results suggest that CMC1 gene is
located in a GC-rich isochore, and CMC2 gene is
located in a GC-poor isochore in the genome. It has
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 . w xFig. 4. Alignment of CMC2 with the members of MC-R family. CMC2 sequence is compared to the mouse MC2-R mMC2 12 , bovine
 . w x  w x w x w x w x w x.MC2-R bMC2 28 and human melanocortin receptors hMC1 3 , hMC2 3 , hMC3 5 , hMC4 6 , hMC5 7 . Identities with CMC2 are
marked by shading. The putative transmembrane segments are denoted by overlines and Roman numerals. A box indicates the amino acid
 .motif DP-Y, conserved in all cloned MC-Rs with the exception for CMC2 see text in detail .
been reported that the GC level at the third codon
position in vertebrate genes shows a positive linear
relationship to the GC-content of the corresponding
coding regions as well as the neighboring introns and
ww x xflanking sequences 32 and references therein .
Therefore, it is possible that the difference in codon
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Fig. 5. Percentages of GrC-ending codons in each synonymous
codon group used in CMC1 or CMC2 genes. The solid, dotted
and open columns indicate CMC1, CMC2 and the average of
w x1281 chicken genes 31 . Methionine and tryptophan, which have
only one codon each, are omitted. The number of codons in each
synonymous codon group used in CMC1 or CMC2 genes is
given in brackets.
usage between CMC1 and CMC2 genes is due to the
compositional constraints operating in each isochores
they locate. It seems likely, however, that the ex-
treme bias observed in CMC1 cannot be explained
only by the GC pressure in the GC-rich isochore, for
the GC levels in both human and bovine MC1-R
 .coding regions 63.4 and 62.3%, respectively were
higher than that in CMC1, but the GC-contents at the
third codon position in those genes were significantly
lower than that in CMC1. The elevated GC-content at
the third codon position in CMC1 may reflect addi-
tional selective constraints on the usage of synony-
mous codons. Cloning and comparing the codon us-
age of MC1-R genes as well as other subtypes of the
MC-R family in various species may provide a clue
to elucidate the evolutionary history for the MC-R
family.
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